The aim of this study was to determine whether insulin-induced relaxation of the proximal stomach after proximal gastric vagotomy is mediated by vagal release of antral gastrin. In six conscious, fasted dogs following proximal gastric vagotomy, the effects of intravenous insulin (1 U/kg) and intravenous gastrin (1 Ixg/kg) on proximal gastric motility, as measured by a gastric barostat, on plasma glucose, and on plasma gastrin, as measured by radioimmunoassay, were assessed 1 hour before and for 2 hours after injection. The effects of a cholecystokinin (CCK)-A receptor antagonist and a CCK-B receptor antagonist on insulin-induced or gastrin-induced relaxation of the proximal stomach and on plasma glucose and gastrin were also determined. Intravenous insulin decreased plasma glucose (before [mean _+ SD], 97 + 5 mg/dl vs. after, 45 -+ 3 mg/dl; P <0.05), increased plasma gastrin (before, 240 _+ 59 pg/ml vs. peak after, 387 _+ 85 pg/ml; P <0.05), and relaxed the proximal stomach (100% _+ 0% barostat volume vs. 202% + 15 % volume; P <0.05). Exogenously administered gastrin also relaxed the proximal stomach without decreasing plasma glucose. CCK-B blockade diminished, but did not abolish, the gastric relaxation caused by insulin or gastrin, whereas CCK-A blockade had little effect. It was concluded that insulin-induced relaxation of the proximal stomach after proximal gastric vagotomy is mediated, in part, by vagal release of antral gastrin. (J GASTROINTEST SURG 1997;1:386-394.) Truncal vagotomy is still used by many surgeons to treat gastric and duodenal ulcers, even though it may disturb gastric motility and emptying and result in postsurgical disability. Truncal vagotomy impairs receptive relaxation of the stomach 1 and thus may speed gastric emptying of liquids. 2 Truncal vagotomy sometimes induces ectopic pacemakers in the distal stomach, which can drive gastric contractions in an aborad or reverse direction. 2 Truncal vagotomy also weakens gastric antral peristalsis. The net result is a slowing of gastric emptying of solids. Gastric emptying of solids is so slowed by truncal vagotomy that pyloroplasty is usually performed to combat it. However, pyloroplasty itself has adverse effects on gastric motility and is followed by a 10% to 30% incidence of dumping symptoms and alkaline reflux gastritis. 3
Truncal vagotomy is still used by many surgeons to treat gastric and duodenal ulcers, even though it may disturb gastric motility and emptying and result in postsurgical disability. Truncal vagotomy impairs receptive relaxation of the stomach 1 and thus may speed gastric emptying of liquids. 2 Truncal vagotomy sometimes induces ectopic pacemakers in the distal stomach, which can drive gastric contractions in an aborad or reverse direction. 2 Truncal vagotomy also weakens gastric antral peristalsis. The net result is a slowing of gastric emptying of solids. Gastric emptying of solids is so slowed by truncal vagotomy that pyloroplasty is usually performed to combat it. However, pyloroplasty itself has adverse effects on gastric motility and is followed by a 10% to 30% incidence of dumping symptoms and alkaline reflux gastritis. 3 Proximal gastric vagotomy (PGV) preserves gastric motility and emptying better than trtmcal vagotomy, results in fewer symptoms, and avoids the need for pyloroplasty. This is likely because PGV maintains antral and pyloric innervation and gastric emptying of solids, 4 whereas tnmcal vagotomy does not. In addition, PGV may preserve gastric receptive relaxation and gastric emptying of liquids better than truncal vagotomy. Insulin-induced relaxation of the proximal stomach is maintained after PGV. 4 These data suggest that relaxation of the proximal stomach may be mediated not only by vagal efferents to the gastric fundus and corpus, as previously thought, 1 but also by another vagal mechanism preserved by PGV. In this study we investigated the hypothesis that this additional mechanism is the vagal release of antral gastrin, a known relaxant of the proximal stomach. 5-7
METHODS
The experimental protocol was approved by the Institutional Research Committee and the Institu- tional Animal Care and Use Committee of Mayo Clinic Scottsdale, and the following surgical procedures and experiments were performed in accordance with the guidelines of the National Institutes of Health and the Public Health Service, as outlined in the manual, "Guide for the Care and Use of Laboratory Animals."
Preparation of Animals
Six adult mongrel dogs, each weighing between 17 and 24 kg, underwent PGV and gastrostomy. After a 16-hour fast, dogs were anesthetized with methohexital sodium (12.5 rng/kg intravenously), and anesthesia was maintained with mechanical ventilation and a mixture of oxygen and halothane (0.5% to 1.5%) via an endotracheal tube. Through a midline celiotomy under sterile conditions, PGV was performed by dividing the neurovascular bundles to the lesser curvature of the stomach from a point 7 cm orad to the pylorus up to and including the esophagogastric junction. 8 The distal 2 cm of esophagus was mobilized, and all accessory vagal branches from the anterior, posterior, and intermediate vagal trunks to the gastric fundus and corpus were divided, carefully preserving the trunks themselves, the hepatic and celiac branches, and the nerves of Latarjet to the antrum and pylorus. A Thomas cannula with a diameter of 9 mm was then inserted through the anterior gastric wall close to the greater curvature and 10 cm proximal to the pylorus and secured with a pursestring suture. The external end of the cannula was brought to the surface through the anterior abdominal wall and secured with a suture. The Thomas cannula was kept sealed when not in use.
Butorphanol tartrate (0.25 mg/kg) was administered intramuscularly for analgesia just after the operation, on the evening of the operative day, and as needed thereafter. The dogs were allowed liquids by mouth but no solid food for 3 days postoperatively. Parenteral fluids were also given as needed during this period. The dogs were fed a soft diet on postoperative days 4 through 6 and a normal diet thereafter. They were allowed a 2 week recovery period after the operation, prior to beginning the postoperative tests. All dogs were weighed twice weekly. They steadily gained weight during the experiments.
Gastric Acid Output
The adequacy of the proximal gastric vagal denervation was assessed using an insulin stimulation test (1 IU/kg intravenously), during which gastric output of acid was measured. Gastric juice was collected in 15-minute aliquots from the freely draining gastric cannula or an orogastric tube used during the preoperative control tests. To assess the completeness of the collection, a 0.025% phenolsulfonphthalein (PSP) solution, a nonabsorbable marker, was infused at 1 ml/min during the tests through a soft Silastic catheter (2.5 mm in diameter) positioned in the gastric fundus alongside the gastric barostat, as previously described. 9 The concentration of PSP in gastric samples was determined by spectrophotometric analysis, and the amount of PSP recovered was calculated from the volumes and concentrations recovered over time. Portions of the gastric aliquots were titrated against 1.0 mol/L sodium hydroxide to measure the concentration of protons in the sample. The total acid output was calculated from the volume recovered per 15 minutes and the proton concentration, and the value was corrected for the proportion of gastric juice recovered, as determined by the PSP recovery. No or minimal (<2 mEq/l 5 min) acid output during the first hour after insulin injection was considered to confirm the completeness of PGV. 4 Three dogs were tested before PGV (control) and all six dogs were tested after vagotomy.
Proximal Gastric Motility
Proximal gastric motility was measured using an electronic barostat. 4,1~ A compliant plastic bag was attached to the distal end of a 16 F plastic tube, the proximal end of which was connected to a rigid bellows containing air. The bag, catheter, and bellows formed a closed system (maximal volume 800 ml). An electronically driven motor continually adjusted the bellows to maintain the air pressure within the system at a value specified by the operator. When placed in the proximal stomach, the air pressure within the system expanded the bag to fill the proximal stomach to the extent that gastric muscular tone allowed. In the standing, awake dog a pressure of 3 mm Hg was sufficient to expand the barostat bag without disturbing gastrointestinal interdigestive motility. 11, 12 Plasma Insulin, Gastrin, and Glucose 
Conduct of Tests
Each conscious dog underwent repeated insulin and gastrin tests on different days. A minimal 2-day interval was taken between experiments on a particular dog. After a 16-hour fast, the dogs were placed in a harness-sling. The dogs stood continuously on their forelimbs, while the sling supported the hind limbs without exerting pressure on the abdomen. The gastric cannula was opened and cleaned of any debris that had accumulated in the dead space within the cannula. A pneumograph was placed around the animal's chest. A collapsed barostat bag was introduced through the gastric cannula and positioned in the gastric fundus and proximal corpus. The pressure in the barostat was electronically set and maintained at 3 mm Hg. Continuous measurements of the pneumographic fluctuations and the barostat volume and pressure were made on an electronic pressure recorder. The signals were simultaneously converted to digital signals at 8 Hz and stored on magnetic media to be analyzed later?
The dogs were studied with the preceding apparatus in place for at least 1 hour until the barostat volume became stable. Either insulin from bovine pancreas (Sigma Diagnostics, St. Louis, Mo.) or human synthetic sulfated gastrin-17 (Sigma) reconstituted with saline solution was given intravenously at 1 IU/kg and 1 ~g/kg, respectively. These doses of insulin and gastrin were chosen became they have resuited in relaxation of the proximal stomach in previous experiments in intact dogs. 4,s Cholecystokinin (CCK) receptor antagonists, L-364,718 (Merck & Co., West Point, Pa.) 14,1s and L-365,260 (Merck), 16, 17 were reconstituted with 8 volumes percent of glycerol (J.T. Baker, Inc., Phillipsburg, N.J.), 56% polyethylene glycol (E.M. Science, Gibbstown, N.J.), and 36% distilled water, and one or the other was injected at 1 mg/kg intravenously 30 minutes before insulin or gastrin in experiments where the effects of CCK blockade were assessed. These doses were chosen because they have been shown by others to provide effective blockade of CCK receptors. [14] [15] [16] [17] At the beginning of each test, a blood sample (2 ml) was obtained from the cephalic vein for measurement of plasma glucose, insulin, and gastrin levels. Just before the insulin or gastrin injection, a second blood sample was obtained. Every 15 minutes for the following 2 hours, the gastric effluents were collected and sampled for determination of the concentration of PSP and protons, and blood samples were obtained. The recording from the gastric barostat continued over the 2-hour period.
Data Analysis and Statistics
The total amounts of acid produced during the hour preceding the insulin or gastrin injection and during each of 2 hours after insulin or gastrin administration were determined. The barostat volumes were averaged over each successive 15-minute period before and after the injection of insulin or gastrin. The plasma glucose, insulin, and gastrin levels were plotted against time.
The data were averaged across all replications (three times in each dog, except for the CCK receptor blockade experiments, which were performed one time in each dog), and the average measurements for each dog were used to calculate grand means for the six dogs. The results were summarized as mean +_ standard deviation based on n = 6 dogs unless otherwise stated. When the baseline measurements obtained from each dog prior to the administration of the experimental conditions varied within a dog, the baseline measurements were used as covariates in the analysis.
The study was designed as a three-factor block design with repeated measures on all three factors: drug injected (insulin vs. gastrin), gastrin antagonist administered (no vs. yes), and time (before vs. after injection). Depending on the behavior of the responses, the measurements for a specific parameter obtained after the injection were analyzed as one individual parameter measurement over time or summarized and analyzed as one individual parameter over a 2-hour period following injection. Each parameter (e.g., gastric acid production or proximal gastric motility) was analyzed using a separate three-factor analysis of variance for repeated measurements to assess the main effect and interaction differences, is Specific comparisons of interest were made using Student's t test for paired differences. All P values calculated were two sided, and P values <0.05 were considered statistically significant. The Bonferroni correction for multiple comparisons was applied as appropriate.
RESULTS

Plasma Glucose
Insulin caused a prompt decrease in plasma glucose, whereas gastfin did not. The decrease in plasma glucose brought about by insulin usually had returned to the control level by 2 hours after injection (Fig. 1,  Table 1 ").
Gastric Acid Output
Insulin caused little or no increase in gastric acid secretion in dogs with PGV. Before vagotomy, basal acid output was 0.4 _~ 0.3 mEq/15 rain (n = 3 dogs). Output increased 13-fold to 5.2 __ 0.7 mEq/15 rain by 45 minutes after insulin. In contrast, basal acid output only increased from 0.2 + 0.4 mEq/15 rain be- fore insulin to 1.3 _+ 0.4 mEq/15 min after insulin when PGV had been done (n = 6 dogs). PSP recovery ranged between 35% and 65% for each 15-minute period in any experiment. These data suggest that PGV had effectively vagally denervated the gastric fundus and corpus of the dogs.
Insulin-and Gastrin-Induced Relaxation of the Proximal Stomach
Insulin injection caused a prompt relaxation of the proximal stomach (Fig. 2) . Proximal gastric tone was largely restored by 2 hours after insulin injection. Exogenously administered gastrin, like insulin, also relaxed the proximal stomach (Fig. 2) . Proximal gastric tone was also restored by 2 hours after gastrin injection.
Plasma Insulin and Gastrin Concentrations After Insulin or Gastrin Injection
Plasma concentrations of insulin increased immediately after insulin injection and then declined exponentially over the ensuing 2 hours, returning to the control range between 60 and 90 minutes after injection (data not shown). Basal plasma gastrin (before injection of insulin or gastrin) was 227 +_ 26 pg/ml before PGV and 240 _+ 39 pg/ml after PGV (P >0.05). Plasma gastrin levels increased and peaked between 30 and 60 minutes after insulin injection (Fig. 3) . The increase in plasma gastrin did not clearly differ from baseline (0.1 > P >0.05) at any specific point in time, but the peak gastrin levels after insulin were greater (P <0.05) than the baseline levels before insulin injection.
After gastrin injection, plasma gastrin increased immediately. Gastrin was then eliminated exponentially from plasma, returning to the control level by 2 hours after injection (Fig. 3) . Plasma concentrations of gastrin after gastrin injections were similar to those after insulin injections at periods of time between 30 minutes and 2 hours after the injections. Plasma insulin values were unchanged by the gastrin injections (data not shown).
These results suggest that insulin caused gastrin release in dogs with PGV and that the increased plasma gastrin concentration was accompanied by relaxation of the proximal stomach.
Effects of CCK-A and CCK-B Antagonist on Insulin-and Gastrin-Induced Relaxation of the Proximal Stomach
The reconstitution solution for CCK receptor antagonists without L-364,718 or L-365,260 did not af- fect plasma concentrations of glucose, insulin, or gastrin, nor did it alter proximal gastric tone. This solution alone did not interfere with the effects of insulin or gastrin injection on proximal gastric motility described previously (data not shown).
L-365,260, a CCK-B receptor antagonist, partially inhibited the relaxation of the proximal stomach brought about by insulin or gastrin (P <0.05; Fig. 4 , Table I ), whereas L-364,718, a C C K -A receptor antagonist, had no consistent effect (P >0.05). Neither 
DISCUSSION
Insulin-induced hypoglycemia is thought to stimulate the vagal efferent neurons of the dorsal motor nucleus of the vagus. 19 Activation of these neurons has direct and indirect effects on distal gastric motility. 2~ Vagal stimuli cause contraction of the smooth muscle of the distal stomach through cholinergic pathways. 2~ Vagal stimuli also induce gastrin release from antral G cells 21 through cholinergic pathways. 2~ The gastrin released further stimulates the contraction of smooth muscle of the distal stomach and changes the motility of the distal stomach from a fasting pattern to a "fed-like" pattern. 23 PGV preserves vagal innerration to the distal stomach and thus insulin-induced activation of distal gastric motility in dogs with PGV.
Proximal gastric motility is also controlled by vagal innervation. Trtmcal vagotomy abolishes receptive relaxation of the proximal stomach.1 Vagal relaxation of the proximal stomach is thought to be controlled by noncholinergic signaling pathways. 24-26 The relaxation may be brought about, in part, by vagally induced release of vasoactive intestinal peptide, somatostatin, or nitric oxide. 27 Besides the direct neural control of relaxation by vagal efferents, other mechanisms may be involved in the relaxation of the proximal stomach. PGV preserves the relaxation, 4 suggesting that insulin-induced relaxation of the proximal stomach is conducted, in part, through mechanisms that are distinct from those mediated by vagal nerves to the proximal stomach. Gastrin is a known relaxant of the proximal stomach 5-7 and a contractant of the distal stomach. The present study provides evidence that insulin-induced relaxation of the proximal stomach is caused, in part, by vagally induced release of antral gastrin.
The gastrin receptor is identical to the CCK receptor type B (CCK-B receptor). 2s, 29 The receptor is present on gastric smooth muscle. 3~ When gastrin molecules bind to the receptor on the smooth muscle cells of the proximal stomach, relaxation occurs and gastric emptying is slowed, although some believe that the concentrations of gastrin required to relax the proximal stomach and slow gastric emptying are not physiologic. 32 The inhibitory effect of L-365,260 on the relaxation of the proximal stomach by gastrin was partial in our tests. Only one dosage and one administration schedule of L-365,260 were used in the present study. The method of administration may not have been the best regimen. Further, the affinity of L-365,260 for CCK receptors is reported to be less in the dog than in other species such as humans. 17 Thus the blockade of gastrin receptors by L-365,260 in our tests may have been incomplete. Repeating the experiments with several larger doses ofL-365,260 would provide data on this point.
The pattern of the increase in plasma gastrin and the relaxation of the proximal stomach followed a similar time course after insulin was given intravenously, but the peak in plasma gastrin occurred before the peak of gastric relaxation when gastrin was given intravenously. The cause of this lag effect with gastrin is not known, but it may relate, in part, to the activation of slower onset intramural neuronal pathways by gastrin in addition to the effect of gastrin on proximal gastric smooth muscles.
Intravenous insulin has been reported to induce premature interdigestive migrating myoelectric complexes, 33 a prominent component of which are increases in proximal gastric tone and increases in the amplitude and frequency of "volume" waves in the proximal stomach. 1~ These stimulatory changes in proximal gastric motility were not noted in our tests, suggesting that they may be mediated by vagal motor efferents to the proximal stomach, which were divided by the PGV. It would be of interest to follow proximal gastric tone throughout the interdigestive cycles in unstimulated animals after PGV. Presumably, increases in proximal gastric tone and cyclic waves would still be present. We have shown in previous tests that autotransplanted, extrinsically denervated pouches of proximal stomach continue to cycle with the main gastrointestinal tract, 34 likely because of the cyclical release of stimulatory hormones during the interdigestive complexes.
The return of proximal gastric tone after insulininduced relaxation in our previous tests was slower in dogs with PGV than in dogs with intact vagal innervation. 4 Acetylcholine or other stimulatory neurotransmitters released by vagal efferents to the proximal stomach in healthy control dogs may antagonize the effect of gastrin after insulin injection and allow the dogs to regain proximal gastric tone more quickly. These possible controlling mechanisms are apparently lost or impaired after PGV.
Proximal gastric vagotomy decreases acid secretion from the proximal stomach, which in turn results in less acid inhibition of antral gastrin release. Postoperative hyperplasia of gastrin-secreting cells (G cells) and hypergastrinemia usually result. The increases in serum gastrin that we found in our tests after proximal vagotomy, however, were small (P >0.05). Perhaps the short, 2-week interval between the operation and testing did not allow sufficient time for G-cell hyperplasia to occur.
The maintenance of the ability of the proximal stomach to relax and contract after PGV and the loss of these functions after truncal vagotomy provide more experimental evidence favoring PGV over tnmcal vagotomy as the operative treatment of choice for chronic duodenal ulcers. 
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